Abstract-Optical Bragg gratings are finding new applications in high frequency pulse generation and in multiple wavelength systems where great precision is required. Sampled Bragg gratings (SBGs) offer great design flexibility. Incorporating sampled grating reflectors in mode-locked semiconductor lasers allows stable pulse streams to be generated at THz frequencies. By using sampled Bragg gratings in distributed feedback laser arrays, the channel spacing can be defined in laser arrays with great precision. Furthermore, by introducing pi-shifted sections into the SBGs, the grating coupling coefficient can be enhanced, opening new avenues for the design and low-cost manufacture of photonic integrated circuits.
I. INTRODUCTION
For many years, optical Bragg gratings have been used in distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers. The sampled grating distributed Bragg reflector (SGDBR), in particular, allows considerable design flexibility and is used in many designs of tunable DBR laser. In this paper, we will review the application of SGDBRs to high frequency mode-locked lasers and to DFB laser arrays. We will also demonstrate that phase shifted grating sections within the SGDBR can enhance the effective coupling coefficient, κ.
II. SAMPLED BRAGG GRATINGS WITH PHASE SHIFTED SECTIONS
In a conventional SGDBR (C-SGDBR), the grating is only present in defined sections of the waveguide ( Fig. 1(b) ). The effective coupling coefficient, κ, is necessarily reduced from that of a uniform grating ( Fig. 1(a) ) because much of the sampled grating period has no grating. To overcome this, designs of SBGs with phase shifted grating sections have been proposed that increase the effective κ. In these structures, the (not required) zeroth-order mode is suppressed while the index modulation experienced by the nonzeroth-order channels is enhanced, the ±1 -order channels being of particular interest [1] . We will discuss the application of these principles to both mode-locked lasers and to high precision arrays of DFB lasers.
III. HIGH FREQUENCY MODE-LOCKED LASER DIODES
Generation of ultrafast and ultrashort optical pulses is of great interest for future large capacity optical communication networks. Mode-locked laser diodes (MLLDs) can produce short pulse widths ranging from picoseconds to subpicoseconds with small frequency chirp. In passive modelocking (ML), the longitudinal modes of a laser are phase locked by placing a saturable absorber (SA) adjacent to one facet. The laser then produces a series of pulses whose frequency (Fr) is inverse of the cavity round trip time. Practical constraints on the cavity length limit the fundamental ML repetition frequency to ~ 80 to 170 GHz for a MLLD with a typical cavity length between 0.5 and 1 mm.
A robust solution for generating higher frequency pulse streams is to utilize harmonic ML (HML) at a multiple of the fundamental round-trip frequency of the device. This can be achieved by several methods, including colliding pulse ML and compound-cavity ML. However, fabrication tolerances make it difficult to obtain reliable ML at Fr >~200 GHz. We have therefore proposed techniques based on SGDBRs [2, 3] . The SGDBR provides strong frequency selectivity at the modelocked frequency while the 'soft walls' of the reflectors relax the tight fabrication tolerances required by other designs and ensure the long cavity can self-adjust to supporting an integral number of mode-locked periods. Using this approach, we have obtained pure ML operation at around 640 GHz with nearly transform limited pulse characteristics. By tuning the bias parameters, operation at the second harmonic, with Fr=1.28 THz, was also achieved [2] .
To increase the coupling coefficient, as discussed in Section II we have applied a combination of π-phase shifted gratings, previously demonstrated in fiber lasers [1] , with the C-SGDBR technique to THz repetition frequency MLLDs. Using a single electron beam lithography (EBL) step we have demonstrated a 620 GHz side-wall SGDBR MLLDs with an increased effective κ [4] .
IV. DFB LASER ARRAYS
DFB semiconductor laser arrays operating at precisely controlled wavelengths are important components for wavelength division multiplexing (WDM) networks. We have reported devices suitable for coarse WDM (CWDM) using conventional DFB lasers with uniform 0th-order gratings ( Fig. 1(a) ) [5] . However, EBL cannot define the gratings with sufficient precision for dense WDM (DWDM) systems with small channel separation. For example, a resolution of about 0.125 nm would be required for an array with 100 GHz spacing, which is beyond the typical resolution limit of 0.5 nm of EBL machines [6] .
We have therefore realized precise wavelength control by applying the reconstruction-equivalent-chirp (REC) technique based on sampled Bragg gratings (SBGs) [6] . In contrast to conventional DBR lasers where lasing takes place at the 0th-order reflection peak from the grating, the REC approach uses either the +1-order or −1-order reflection. The wavelength of the refection is determined by the periodicity of the grating and by the dimensions of the sampling period (P). The sampling period has dimensions of several µm or even 10s of µm, so it is relatively straightforward to define the wavelength separation between wavelength channels with great precision using conventional lithography.
Using REC, we have demonstrated a 4-channel PIC containing 4 REC-DFB lasers each with its own electroabsorption modulator, a 4×1 multi-mode interference coupler and a semiconductor optical amplifier [7] . Passive waveguide sections were bandgap widened using quantum well intermixing (QWI). Using a more conventional overgrowth fabrication process, we have also demonstrated the REC approach can deliver an exceptionally high yield to very large laser arrays; a 60-channel DFB laser array has been fabricated in which 88% of the laser wavelengths lay within a deviation of ±0.20 nm [6] .
As discussed in Section II, the effective κ of a sampled grating is substantially smaller than of a uniform grating. This compromises the single longitudinal mode (SLM) performance of DFB lasers. To overcome this, we have applied a combination of π-phase shifted SBGs (PPS-SBG) (Fig. 1(c) ) with the REC technique to DFB diode lasers. Using a single EBL step we have demonstrated an increased effective coupling coefficient κ and have fabricated an eight-channel laser array with a spacing of 100 GHz (~0.8 nm @1550 nm) [8] .
V. CONCLUSION
We have reviewed novel applications of lasers and PICs that make use of optical Bragg gratings. In particular, we have discussed high-frequency mode-locked lasers and high precision DFB arrays. All the devices and PICs can be fabricated using high-yield regrowth-free technology, in which gratings are surface etched into ridge waveguides and QWI is used to define passive waveguides. The PICs can therefore be manufactured at low-cost, making them eminently suited to price-sensitive applications such as optical access networks and data communications
